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A b s t r a c t    
 
Zn-Ir-O (Zn/Ir ≈ 1/1) thin films have been reported to be a potential p-type TCO material. It is, however, un- 
known whether it is possible to achieve p-type conductivity at low Ir content, and how the type and the magni- 
tude of conductivity are affected by the film structure. To investigate the changes in properties taking place at low 
and moderate Ir content, this study focuses on the structure, electrical and optical properties of ZnO:Ir films with 
iridium concentration varying between 0.0 and 16.4 at.%. 
ZnO:Ir thin films were deposited on glass, Si, and Ti substrates by DC reactive magnetron co-sputtering at room 
temperature. Low Ir content (up to 5.1 at.%) films contain both a nano-crystalline wurtzite-type ZnO phase and 
an X-ray amorphous phase. The size of the crystallites is below 10 nm and the lattice parameters a and c are larger 
than those of pure ZnO crystal. Structural investigation showed that the film's crystallinity declines with the irid- 
ium concentration and films become completely amorphous at iridium concentrations between 7.0 and 16.0 at.%. 
An intense Raman band at approximately 720 cm−1 appears upon Ir incorporation and can be ascribed to perox- 
ide O2– ions. Measurable electrical conductivity appears together with a complete disappearance of the wurtzite- 
type ZnO phase. The conduction type undergoes a transition from n- to p-type in the Ir concentration range be- 
tween 12.4 and 16.4 at.%. Absorption in the visible range increases linearly with the iridium concentration. 
 
 
 
 
 
1. Introduction 
 
Transparent conducting oxides (TCOs) are materials having high 
optical transparency and electrical conductivity simultaneously. These 
materials are important components for information (flat panel 
displays) and energy (thin film solar cells, low-emissivity windows) 
technologies [1,2]. Most TCO thin films, such as In2O3:Sn (ITO), ZnO:Al 
(AZO) and SnO2:F, are n-type semiconductors [3]. The most studied p- 
type TCO materials are Cu-based thin films with delafossite crystal 
structure (AMO2) [4], but they suffer from low conductivity mainly be- 
cause of low hole mobility [2] and indirect band gap [5], which is not op- 
timal for optical devices. In addition, p-type conductivity is not retained 
in the amorphous phase, and an elevated substrate temperature is re- 
quired for thin film deposition [3], which is not suitable for deposition 
on polymer substrates or in organic solar cell technologies. 
Although doped ZnO thin films are promising n-type TCO materials 
[6,7], obtaining p-type ZnO thin films would be an important milestone 
in transparent electronics, allowing the production of wide band gap p– 
n homo-junctions [8,9]. P-type doping in ZnO thin films is hindered by a 
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self-compensation effect from native donor defects (VO and Zni) and/or 
hydrogen incorporation and mostly requires elevated growth tempera- 
tures [10]. The conductivity of p-type ZnO thin films is substantially 
lower compared to n-type ZnO. The reason for the lower conductivity 
is the large effective mass and thus the low mobility of the holes in 
the valence band, which is mainly composed of p orbital levels of 
oxygen. A new approach to obtain p-type ZnO instead of doping is to 
produce a significant number of Zn vacancies and their complexes in 
order to generate p-type charge carriers [11,12]. 
A relatively new and different class of p-type TCO is spinels ZnM2O4 
(M = Co, Rh, Ir) [13]. In ZnM2O4 spinel structure, Zn is bonded to four O 
atoms in a tetrahedral environment and M is bonded to six O atoms in 
an octahedral environment [14,15]. It has been reported that ZnIr2O4 
polycrystalline thin films deposited without intentional doping are 
transparent (60% at 550 nm) p-type semiconductors (σ = 3.4 Scm− 1, 
Eg = 2.97 eV) [16]. ZnIr2O4 is a thermodynamically metastable phase 
with cation vacancies and antisites having the lowest formation ener- 
gies among the native defects in the disorder spinel structure [17]. 
These defects act like shallow acceptors and could be responsible for 
spontaneous p-type semiconducting [15,17]. It is significant that these 
materials retain p-type conductivity also in the amorphous phase [18, 
19], however, in this case Ir ion more likely has the valence state of 
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4 + instead of 3 + [20]. In the case of Ir(4+) oxide (IrO2), absorption 
below 2.5 eV is increased by Ir d–d and free electron absorption and 
above 3.0 eV by O p–Ir d transitions [21]. 
Light ZnO doping with Ir has been studied by first principles DFT cal- 
culation using the B3LYP hybrid functional [22] with only one experi- 
mental investigation [23]. The theoretical studies show that the 
substitution defects of Ir+2  and Ir+3  create a series of localized states 
in the gap, and the transitions between them deteriorate the transmit- 
+3  
tance of the film. Although the formation energy of IrZn +2 favouring a 
hole localization on Ir is smaller than that of IrZn  , the formation energies 
of both types of defects are relatively large and the creation of these de- 
fects is unlikely [22]. However, the possibility of achieving p-type con- 
ductivity with light Ir doping is still unclear. 
In the previous papers [24,25], the structural, electrical and optical 
properties of amorphous high Ir content Zn-Ir-O thin films were inves- 
tigated without covering the part with low iridium content. However, it 
is still unknown at what Ir concentration the originally crystalline ZnO 
structure becomes amorphous or whether there is a correlation be- 
tween the film structure and the n- or p-type of conductivity. The pres- 
ent study focuses on the structure and the optical and electrical 
properties of ZnO:Ir thin films with low to moderate Ir concentrations. 
Room temperature deposition in this study was chosen in order to 
make the process compatible with low temperature technologies, 
such as those used for organic solar cells. 
 
2. Experimental details 
 
ZnO:Ir thin films were deposited on glass, Si, and Ti substrates, by DC 
reactive magnetron co-sputtering from metallic Zn and Ir targets 
(145 mm × 92 mm × 3 mm) in an Ar + O2 atmosphere (Fig. 1). The sub- 
strates were washed in acetone before deposition. The chamber was 
pumped to base pressure below 1 × 10− 5 Torr by a turbo-molecular 
pump. The substrate was not heated intentionally, the deposition pres- 
sure was 10 mTorr. The target to substrate separation was approximate- 
ly 9 cm. The Zn target was sputtered in a constant DC mode at a power of 
200 W. To vary the Zn to Ir ratio in the films, the Ir target was sputtered 
with the power varying between 6 and 70 W in a low frequency 
(100 Hz) pulse regime. The Ar and O2 gas flow rates were kept constant 
at 20 sccm and 10 sccm, respectively. In general terms, the deposition 
atmosphere is thought to be sufficiently oxygen rich so as not to pro- 
duce oxygen deficient films with potential defects promoting n-type 
conductivity. An additional semi-transparent metallic grid was placed 
above the Ir target in order to prevent some part of the sputtered Ir 
atoms from reaching the substrate and achieve low iridium concentra- 
tions, because the Ir sputtering rate under these conditions is noticeably 
higher than that of the Zn. A set of samples was deposited with Ir con- 
centrations in the films ranging from 0.0 to 16.4 at.% (Fig. 2). It can be 
seen from Fig. 2 that the deposition rate and the Ir concentration vary 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Ir atomic concentration and deposition rate as a function of power on the Ir target. 
 
 
in a close-to-linear fashion with the power on the Ir target, allowing 
for a simple and reliable way of depositing films with varied Ir contents. 
The composition, structure, and the optical and electrical properties 
of the ZnO:Ir thin films were studied by X-ray fluorescence (XRF), X-ray 
diffraction (XRD), X-ray absorption (XRA), and Fourier transform infra- 
red (FTIR) spectroscopy, as well as by two-beam optical spectropho- 
tometry, profilometry, the Van der Pauw method, and Seebeck 
coefficient measurements. The film's thickness was determined by a 
profilometer, CART Veeco Dektak 150. The deposition rate of the film in- 
creases from 3.2 to 8.4 nm/min (thickness from 388 to 1008 nm) as the 
power on the iridium target increases from 0 to 70 W (Fig. 2). 
An elemental analysis of the films was done by an X-ray fluorescence 
spectrometer, Eagle III. Due to the fact that it is difficult with XRF to 
quantify elements lighter than sodium, our measurements contain 
only the Zn and Ir atomic concentration ratio. The XRF spectra contained 
well detectable and well distinguished Zn Kα and Ir Lα fluorescence 
lines. The quantification of the peak intensities was made by the spec- 
trometer built-in calculations based on the fundamental-parameter- 
model. The ZnO:Ir films in the relevant thickness range are highly trans- 
parent to the x-rays, therefore the intensities of the fluorescence peaks 
are directly proportional to the films thickness. In the order to check the 
accuracy of the calculation results XRF spectra of pure ZnO thin films 
with varied thickness were measured as well. The obtained linear de- 
pendence of the Zn Kα peak intensity on the thickness was used to re- 
calculate the atomic concentration in the ZnO:Ir samples. The atomic 
concentrations obtained in both cases matched well within margin of 
error. The error bars for the Ir concentration in Fig. 2 reflect the variation 
 
 
 
 
 
Fig. 1. Scheme of the reactive magnetron co-sputtering system. 
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of the concentration within the analysed samples. This variation is most 
likely due to the two-magnetron configuration used for the deposition. 
The structure was examined by an X-ray diffractometer with Cu Kα 
radiation, PANalytical XPert Pro. 
The Zn K-edge (9659 eV) and Ir L3-edge (11,215 eV) X-ray absorp- 
tion spectra (XAS) were measured in transmission mode at the SOLEIL 
synchrotron bending-magnet beamline Samba [26] in ambient condi- 
tions. The beamline is equipped with a sagittal focusing Si(220) mono- 
chromator and two Pd-coated collimating/focusing mirrors. The mirrors 
have been used to remove X-ray harmonics. The beam intensity was 
measured using three ionization chambers filled with argon and kryp- 
ton gas. The samples were optimized by making a stack of thin films, si- 
multaneously sputtered on polyimide tape, in order to achieve the best 
sample homogeneity and thickness. The deposition parameters of the 
samples for the XAS measurements can be found in [24]. 
The Fourier transform infrared (FTIR) absorbance spectra were mea- 
sured by using a VERTEX 80v vacuum FTIR spectrometer. The experi- 
ments were performed in the range from 60 to 4000 cm− 1, with the 
interferometer working in vacuum and with a resolution of 4 cm−1. 
Raman scattering spectroscopy measurements were carried out at 
room temperature using a SPEX1403 monochromator with multichan- 
nel detectors and an inVia Renishaw Raman microscope. The experi- 
mental resolution was 5 cm− 1. An Ar laser (514.5 nm) and YAG 
second harmonics laser (532 nm) were used as the excitation source. 
The incident beam power was about 5 mW. 
The film's transmittances, in the range from 200 to 1100 nm, were 
determined by a double-beam spectrophotometer, Analytik Jena AG 
Specord 210. The electrical resistivity as well as the temperature depen- 
dence were measured in the Van der Pauw configuration by using the 
Hall effect system HMS5000. 
In-plane Seebeck coefficient measurements were made by a self-as- 
sembled measurement system. Copper contact lines were thermally 
evaporated on the top of the films using shadow masks. The distance be- 
tween the Cu lines was 2 mm and the length was 8 mm. The tempera- 
ture difference was measured with two K-type thermocouples pressed 
to the ends of the Cu lines. The temperature was controlled with two 
Peltier elements and a Stanford Research Systems Temperature PTC10 
temperature controller. The Seebeck voltage was measured with a 
Keithley 2128 nanovoltmeter. 
 
3. Results and discussion 
 
3.1. X-ray diffraction measurements (XRD) 
 
The XRD patterns of the films deposited on glass, recorded over a 
range for 2θ of 10°\\70°, are shown in Fig. 3. A significant diffraction 
peak, which corresponds to the (002) plane, was observed at around 
34° for the pure and lightly doped ZnO films, indicating that the films 
contain a crystalline phase growing preferentially with the c-axis of 
the wurtzite-type ZnO (w-ZnO) lattice perpendicular to the substrate 
surface. We note, however, that the intensity of the diffraction peak 
(002) is low, and comparable to the intensity of the halo peak around 
23° attributed to the glass substrate, which is indicative of the presence 
of a significant amorphous and/or nanocrystalline phase in the films. 
The low crystallinity even for the pure ZnO film is unexpected compared 
to the previous study [27], and could be due to the oblique angle depo- 
sition in a reactive atmosphere [28] and low deposition temperature. 
The films lose their crystalline phase orientation with increasing iridium 
concentration, and an additional peak of the (101) plane appears at 5.1 
Ir at.%. Further increase of the iridium concentration degrades the crys- 
talline structure and the films become X-ray amorphous at 12.4 Ir at.%. 
No phases of Zn, Ir, IrO2 or ZnIr2O4 were detected. An earlier study 
showed that Zn-Ir-O thin films with Ir concentrations from 35 to 
65 at.% are also X-ray amorphous [24]. 
In order to determine the diffraction angle and the full-width at half- 
maximum (FWHM) of the asymmetric shape (002) peak, the peak was 
approximated by an asymmetric Gaussian function. The diffraction 
angle of the (002) peak shifts toward the lower angles and the FWHM 
increases with the iridium concentration. 
The crystallite size in the [002] direction was calculated by the 
Scherrer equation and the size of the crystallites decreases from 7.5 to 
5.0 nm with the iridium concentration (Fig. 4). 
The lattice parameter c increases from 5.28 to 5.41 Å as the iridium 
concentration increases from 0.0 to 5.1 at.% (Fig. 4). The lattice parame- 
ter a calculated from the XRD pattern with the additional (101) peak for 
the 5.1 Ir at.% sample has a value of 3.30 Å. Both parameters, a and c, are 
greater than the standard w-ZnO crystal lattice parameters a = 3.25 Å 
and c = 5.21 Å [29], indicating that incorporation of Ir in the lattice in- 
creases the unit cell of the crystal in all directions. 
 
3.2. X-ray absorption measurements (EXAFS) 
 
The Fourier transforms of the experimental Zn K-edge and Ir L3-edge 
extended X-ray absorption fine structure spectra (FT-EXAFS-Zn,Ir) of 
ZnO:Ir thin films and reference compounds are shown in Fig. 5. The fea- 
tures in the FT-EXAFS correspond to the superposition of the various 
atom distribution functions for Zn and Ir. But one should take into ac- 
count that the amplitude and distances are distorted by photoelectron 
back scattering amplitudes and phase shifts [30]. 
The first feature of FT-EXAFS-Zn (Fig. 5a) at about 1.5 Å originates 
from the first coordination shell of Zn - nearest oxygens. The second fea- 
ture, at about 3 Å, comes mainly from the second coordination shell, 
here Zn\\Zn (with real distance 3.2 and 3.25 Å). The feature at about 
4.3 Å originates from further Zn\\Zn pairs (4.57 Å). 
The FT-EXAFS-Zn spectra of the ZnO:Ir thin films are different from 
the polycrystalline (c-ZnO) reference spectrum. However, there are 
some similarities between ZnO:Ir (7.0 Ir at.%) and the c-ZnO reference 
up to the third coordination shell around Zn. The FT-EXAFS-Zn feature 
for the first coordination shell is qualitatively the same, only an ampli- 
tude damping with an increase of Ir concentration happens, caused by 
increasing disorder in the Zn\\O distances. Other features up to 4.5 Å 
seen in c-ZnO are also present, but with significantly lower amplitudes, 
indicating increasing disorder. All the features above 4.5 Å in the FT- 
EXAFS-Zn signal of the ZnO:Ir (7.0 Ir at.%) are missing, due to significant 
structural disorder. 
In the FT-EXAFS-Zn spectrum of the ZnO:Ir (16.4 Ir at.%), even the 
feature around 2.9 Å, which corresponds to the second coordination 
shell, vanishes, indicating that the ZnO structure becomes completely 
amorphous for higher Ir concentrations. 
Also in the FT-EXAFS-Ir spectra (Fig. 5b), all the features above 4.5 Å 
are missing. However, features above 2.3°A correspond to the mix of the 
multiple scattering signal from the first coordination shell (Ir\\O\\O 
triangles) with some signal from the second coordination shell Ir\\Me 
(where Me can be Zn or Ir). This is different from the Zn, where we can- 
not see any significant signal from the second coordination shell for 
higher Ir concentrations. 
Therefore, from the EXAFS measurements, we can conclude that for 
small Ir concentrations (up to 7.0 Ir at.%), the ZnO structure is nanocrys- 
talline, but for higher Ir concentrations (e.g. 16.4 Ir at.%), the structure 
becomes completely amorphous. 
 
3.3. Vibrational analysis (FTIR and Raman measurements) 
 
The vibration properties of the w-ZnO structure are characterized by 
the 9 optical phonons (irreducible representation Γopt = A1 + 2B1 + E1 
+ 2E2, where the E modes are twofold degenerate) [31]. Polar vibration 
modes A1 (along the c axis) and E1 (within the a–b plane) are IR and 
Raman active and split into TO and LO modes due to macroscopic elec- 
tric fields. The latter splitting (TO–LO) is larger than the A1–E1 splitting 
because the electric fields influence the vibration frequency more than 
the anisotropy of the bonds [32]. The E2 modes are only Raman active, 
and the B1  modes are silent. Both Fourier transform infra-red (FTIR) 
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Fig. 3. XRD patterns of the ZnO:Ir thin films as a function of Ir atomic concentration. 
 
 
and Raman spectroscopy were used to investigate the ZnO:Ir vibrational 
properties. A Lorentzian peak function was used to obtain the position 
(frequency of the mode) and full-width at half-maximum (FWHM) of 
the peaks. 
In the IR absorption measurements, the films on Si substrates were 
used and the absorbance was normalized for the thickness. The samples 
were irradiated perpendicularly to the film's surface with non-polarised 
The additional absorption peak around 200 cm−1 at higher Ir concentra- 
tions also indicates a new structural phase. A similar change of the struc- 
ture is observed for ZnO:Ir samples deposited at 573 K as well, with the 
w-ZnO structure being detectable for up to 20.0 Ir at.% and not detect- 
able for higher Ir concentrations. 
Raman spectroscopy measurements were performed on the films 
deposited on the Ti substrates. The intensity of the Raman spectra was 
light. Only the transverse optical mode ETO around 410 cm− 1 was ob- recalculated, taking into account the film's thickness and the absorption 
served (Fig. 6a) because the ZnO nano-crystallites are c-axis oriented. coefficient (see the section on the optical properties). In the Raman 
LO     high low 
The frequency and FWHM of the peak of the transverse optical mode spectrum of the pure ZnO film, only A1  , E2 and E2 bands (573, 
does not change significantly up to 5.1 at.% of Ir (Fig. 6c). Above this 
value, the peak position shifts sharply toward higher wavenumbers, 
around 460 cm− 1, and becomes wider. Above 5.1 at.% of Ir, the film's 
structure changes significantly, with the nano-crystallites becoming 
smaller and the structural atomic network gradually becoming different 
from crystalline w-ZnO until the wurtzite phase becomes undetectable 
at 12.4 Ir at.%. The integrated intensity (peak area) decreases up to 
437 and 97 cm− 1, respectively) were detected (Fig. 6b) due to the ex- 
perimental configuration and film orientation (z(x + y,x + y)z). The 
band around 860 cm− 1 originates from the ZnO2 phase [33] and the 
wide band around 1100 cm−1 from the second order mode 2A1 . 
The Raman intensity for the pure ZnO films is relatively low com- 
pared to the new vibration mode around 720 cm− 1 which appears 
after Ir incorporation (Fig. 6b) and was for the first time observed in 
9.5 at.% at first and then starts to increase slightly above 12.4 Ir at.%. Ref. [25]. However, signs of the ALO and Ehigh bands are still observable 
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Fig. 4. Crystallite size and lattice parameter c as a function of Ir atomic concentration. 
up to 5.1 at.% of Ir. A sharp decrease of the Raman intensity of the w-ZnO 
active modes was also observed in Ref. [34–36] after doping with tran- 
sition metals. There is no clear evidence about the origin of the intense 
720 cm− 1 band. However, the present results do not support the as- 
sumption that the band arises from the IrO2 phase [23]. If the IrO2 
phase were present, there should be an even more intense Eg band 
around 560 cm− 1 [37]. Theoretically, the Eg band is forbidden in the 
backscattering configuration if the crystallites are oriented in the [001] 
direction [38], which is unlikely in this case due to the disordered struc- 
ture. We performed Raman measurements under oblique angle to check 
whether oriented IrO2 crystallites are responsible for the 720 cm
− 1 
band, but the obtained spectra (not presented here) did not exhibit 
any changes. 
The frequency, the FWHM, and the integrated intensity of the in- 
tense 720 cm− 1 band, are shown in Fig. 6d. The frequency shifts close 
to exponentially from 740 to 710 cm− 1 as the Ir concentration grows 
from 1.7 to 16.4 at.%. The FWHM undergoes a rapid step-like decrease 
from 120 to 90 cm−1 in the Ir concentration range from 5.1 to 9.5 at.%. 
The behaviour of the frequency and the FWHM indicates that the 
change of the structure taking place upon an increase of Ir concentration 
up to 9.5 at.% causes the relaxation of the vibration mode. The integrated 
intensity increases up to 5.1 at.% at first and starts to decrease above 9.5 
Ir at.%. This is one more piece of evidence that the band does not origi- 
nate from the IrO2 phase, because in that case, and also taking into ac- 
count that the Raman intensity is directly proportional to the 
concentration of the active species, the intensity should have increased 
with the Ir concentration. The band around 1400 cm− 1 is the second 
order mode of the 720 cm− 1 band and behaves the same way with an 
increase in the Ir concentration. Additionally, a low intensity band 
around 230 cm−1 appears after Ir incorporation into the ZnO. 
It can be suggested that the 720 cm−1 band which is not IR active is 
caused by the presence of peroxide ions, and the band may be attributed 
2 − 
to the stretching mode of the O2 . Since the pure ZnO spectrum does 
not exhibit a 720 cm−1 band, the presence of Ir causes structural chang- 
es favourable for the generation of O2– with the O\\O distance appropri- 
ate for the 720 cm− 1 stretching frequency. Crystalline ZnO2 with an 
O\\O bond length of approximately 1.5 Å [39] has the characteristic 
Raman band around 840 cm− 1 [33], while the theoretical studies on 
2– 
ZnO2 molecules show that the O2 stretching frequency can be as low 
as 682 cm−1 with an O\\O bond length of 1.7 Å [40]. For the stretching 
frequency of 720 cm− 1, the appropriate O\\O distance should be be- 
tween 1.5 and 1.7 Å. We note that an abnormal Raman band around 
670 cm−1 in the Ce3+ and Tb3+ doped ZnO was also observed in Refs. 
[34,36], without any interpretation of the band's origin. 
2– 
The  framework  of  the  O2 in the nanoporous oxide C12A7 
(12CaO·7Al2O3) with the frequency around 770 cm
−1 is deeply studied 
in Ref. [41,42]. A high partial pressure of oxygen favours the formation 
2 − 
of the O2 , which is accomplished by a diffusion of O2 molecules from 
the atmosphere into nanocages of C12A7, where they react with O2– 
radicals. Following this approach, the molecular oxygen used in the de- 
position process of the ZnO:Ir films could be caged in the nanopores and 
2 − 
produce the peroxide ions O2 . Our previous study [25] reveals that an 
ZnO:Ir film has a porous structure. 
 
3.4. Electrical properties 
 
 
 
 
 
 
 
 
Fig. 5. Modulus of the FT-EXAFS spectra at Zn K-edge (a) and Ir L3-edge (b) for ZnO:Ir (7.0 
and 16.0 Ir at.%) thin films and reference compounds – polycrystalline bulk c-ZnO and c- 
IrO2. (Note: distances in the FT-EXAFS do not correspond to the real distances, due to 
the phase shifts of the signal.) 
We studied the electrical transport of the thin films by measuring 
the DC electrical conductivity at room temperature and as a function 
of temperature between 90 K and 330 K. 
The resistivity of the films with low iridium atomic concentration 
(0.0–9.5 at.%) is extremely high and exceeds the measurable range. 
The high oxygen content used in the sputtering ambient was obviously 
sufficient to prevent the formation of oxygen vacancies or zinc intersti- 
tials, which are native donors in the ZnO and the origin of spontaneous 
n-type conductivity [10]. However, the iridium impurities at low con- 
centrations do not appear to have generated sufficient levels of defects 
M. Zubkins et al. / Thin Solid Films 636 (2017) 694–701 699  
1 
 
 
 
Fig. 6. FTIR spectra of the ZnO:Ir thin films (a) and E
TO 
absorption peak transformation into the broad peak: frequency, FWHM and integrated intensity of the peak as a function of the 
iridium atomic concentration (c). Raman spectra of ZnO:Ir films (b) and frequency, FWHM and integrated intensity of the 720 cm
− 1 
band as a function of the iridium atomic 
concentration (d). 
 
 
to increase the conductivity significantly. A measurable resistivity of 83 
Ωcm appears at 12.4 at.% of iridium, which correlates with the w-ZnO 
structure disappearing completely according to the structural and vi- 
brational investigation. For the ZnO:Ir films deposited at 573 K, a mea- 
surable resistivity of 0.12 Ωcm appears at 19.1 Ir at.%, which again 
correlates with the fact that in this case the w-ZnO structure becomes 
undetectable for Ir concentrations above 20.0 at.%. 
Hall effect measurements were non-reproducible, having a large 
variation in the Hall voltage, leading either to n- or p-type conductivity. 
It is known that Hall effect measurements for disordered and heteroge- 
neous semiconductors are problematic and still under investigation [43, 
44]. In addition, we note that there is no pronounced plasmon peak of 
the free electrons observed in the IR spectra of the films. 
An Arrhenius plot of ln(ρ) against 1000/T (K−1) is shown in Fig. 7a. 
From the slope in Fig. 7a, thermally activated (Ea = 141 meV) charge 
transport was found for the conducting sample with 12.4 Ir at.%, indicat- 
ing a semiconductor type behaviour. However, the effect of temperature 
on resistivity of the next sample with 16.4 Ir at.% is insignificant (Ea = 
14 meV). The experimental data were approximated by the function 
ln(ρ) = a + bTξ, where a, b and ξ are fitting parameters, to determine 
the conduction model. Our data yields the value of ξ = 0.263 (see 
Fig. 7a) for the sample with 12.4 Ir at.%, pointing at Mott's thermally 
activated variable range hopping conduction mechanism [45] in the 
studied film. We note that an almost constant resistivity, i.e., non- 
thermallyactivated conductivity, was found for the films with Ir content 
between 45 and 100 at.% Ir [25], suggesting that the conductivity mech- 
anism and Fermi level location undergoes a change as the Ir content 
increases. 
The dependence of the Seebeck voltage on temperature was mea- 
sured by varying temperature difference from − 5 to + 5 K. The average 
temperature was kept constant at 308 K. The Seebeck coefficient was 
calculated as a slope coefficient of the obtained relations (see Fig. 7b). 
The larger data dispersion for the sample with 12.4 Ir at.% is due to 
lower conductivity. The sign of the Seebeck coefficient changes from 
negative to positive (from − 13.1 to + 6.8 μV/K) if the iridium concen- 
tration increases from 12.4 to 16.4 at.%. There is no clear interpretation 
of what causes the transition from n-type to p-type conductivity. The 
p-type conductivity could be accomplished through the amorphous 
ZnO matrix with Zn vacancies or through the complexes containing Ir. 
At a critical Ir concentration, a conduction path is obtained, and charge 
carriers can percolate through the material. However, the transition of 
the conduction type indicates that there are several competing conduc- 
tivity mechanisms. 
 
3.5. Optical properties 
 
The transmittance of the ZnO:Ir films on glass was measured in the 
range from 200 to 1100 nm. The absorption coefficient at 2.25 eV 
700 M. Zubkins et al. / Thin Solid Films 636 (2017) 694–701  
 
 
 
Fig. 7. Arrhenius plot ln(ρ) vs. 1000/T of the ZnO:Ir (12.4 and 16.4 at.%) thin films (a) and 
change of the Seebeck coefficient sign from negative to positive when Ir concentration 
changes from 12.4 to 16.4 at.%. 
 
 
(550 nm) increases linearly if the concentration of the Ir grows (Fig. 8a), 
indicating that transitions of the Ir containing phase is responsible for 
the reduced transmittance. 
 
 
 
Fig. 8. Absorption coefficient of the ZnO:Ir thin films at 2.25 eV as a function of iridium 
concentration (a). (αhν)
2 
versus hν plot to measure the optical band gaps (b). 
 
 
 
ray amorphous phase. The structure undergoes a transition from a 
wurtzite type structure to a structural atomic network different from 
crystalline w-ZnO in the Ir concentration range from 5.1 to 12.4 at.%, ac- 
cording to the Fourier transform infrared spectroscopy measurements. 
The structure becomes completely amorphous at an Ir concentration 
between 7.0 and 16.0 at.%, according to the X-ray absorption spectra. 
2– 
The optical band gap (Eg) was estimated from the fundamental ab- After Ir incorporation, the ZnO structure contains peroxide O2 ions 
sorption edge by applying the Tauc model [46]. The optical band gap 
of the ZnO:Ir thin films does not shift with the iridium concentration 
up to 5 at.% Ir and remains around 3.3 eV, which is the standard value 
for ZnO thin films (Fig. 8b). However, the sharpness of the absorption 
edge decreases. It is worth mentioning that there is no blue shift of 
the optical band gap together with the ZnO amorphization, as was re- 
ported in Refs. [47,48]. Furthermore, the ZnO2 phase detected in the 
pure ZnO Raman spectrum should be at low concentration, because 
ZnO2 exhibits a larger band gap than ZnO [49]. 
 
4. Conclusions 
 
Reactive magnetron co-sputtering deposition from two targets is 
shown to be a suitable technique to dope thin films very accurately by 
using the sputtering power as the composition control parameter. 
ZnO:Ir thin films with Ir concentrations in the range from 0.0 to 
5.1 at.% contain both nano-crystallites of w-ZnO structure and an X- 
that are responsible for the intense Raman band around 720 cm−1. 
ZnO:Ir thin films with an iridium concentration in the range from 0.0 
to 9.5 at.% are insulators. A measurable resistivity of 83 Ωcm at 12.4 at.% 
of the iridium appears when the w-ZnO structure disappears complete- 
ly. The resistivity decreases even further at 16.4 Ir at.%: 2.1 Ωcm. The 
electrical transport changes from thermally activated hopping to metal- 
lic-like conductivity, and the conduction type undergoes a transition 
from n-type to p-type at an Ir concentration between 12.4 and 16.4 at.%. 
Absorption in the visible light band increases linearly with the iridi- 
um atomic concentration. The optical band gap of the films does not 
shift with the iridium concentration. However, the sharpness of the ab- 
sorption edge decreases. 
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